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Brain function and cognitive performance differ between men and women in some measures. The phenotypic
variation may be partially due to sex differences in epigenomes and transcriptomes in specific brain regions
[e.g. the prefrontal cortex (PFC)]. Genome-wide DNA methylation and gene expression were examined in post-
mortem PFC of 32 males and 14 females (all were Caucasians) using Illumina’s 450K Methylation and HT-12 v4
GeneExpressionBeadChips, respectively.Multiple linear regression,Pearsoncorrelation andDAVIDfunctional
annotation analyses were applied to investigate sex-biased DNA methylation and gene expression, DNA methy-
lation–gene expression correlation and gene ontology (GO) annotations overrepresented by differentially
methylated and expressed genes. A total of 22 124 CpGs showed differential methylation between males and
females (2.6 3 10238 ≤ Pnominal ≤ 0.05), and the P-values of 8357 CpGs withstood multiple-testing correction
(q < 0.05). A total of 1489 genes showed differential expression between males and females (4.1 3 10236 ≤
Pnominal ≤ 0.05), and the P-values of 35 genes survived multiple-testing correction (q < 0.05). A significant correl-
ation (Pcorrelation < 0.05) was observed between methylation levels of 585 differentially methylated CpGs
(Pnominal ≤ 0.05) and expression levels of 188 differentially expressed host genes (Pnominal < 0.05). The GO
terms enriched by these 188 genes (134 on autosomes and 54 on sex chromosomes) were assigned to 24 clus-
ters,and33genes involved in the topcluster (enrichmentscore:4.7)mainlyparticipate in ribosome structureand
function, RNA binding and protein translation. This study demonstrated sex-specific methylomic and transcrip-
tomic profiles in the human PFC. Our findings suggest that sex-biased DNA methylation and gene expression
could be either the cause or consequence of differential brain development between males and females.

INTRODUCTION

There are apparent sex differences in brain structure and function
as well as susceptibility to neurological disorders. For example,
cognitive function, such as working memory and attention,
appears different between men and women (1). It is already
known that the neuroanatomy of cognition includes a network
of brain regions including dorsolateral and inferior prefrontal
cortices (PFC) (2). However, the molecular basis of how men
and women perform differently in perception, cognition,
memory and neural function is poorly understood. It has been
postulated that sex differences in brain function may be attribu-
ted to various genetic variants (3,4) and environmental factors
such as prenatal stress (5), childhood abuse (6) and hormones
(7,8).

There is substantial evidence supporting sex-biased gene ex-
pression. Studies using model organisms have shown sex-biased
gene expression, and the number of sex-biased genes is large. For
example, more than half of the genes in the Drosophila melano-
gaster genome show sex-biased expression (9), and most of the
differences are attributable to genes that are expressed in repro-
ductive tissues (10). By analyzing gene expression in multiple
mouse somatic tissues, Yang et al. (11) found that more than
10 000 genes showed sex-biased expression, and these genes
were enriched not only on sex chromosomes but also on several
autosomes. Moreover, microarray studies of gene expression in
postmortem human brains have also demonstrated sex-biased
gene expression in both developing and adult human brains.
Vawter et al. (12) reported sex-specific expression of genes
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located on sex chromosomes (one gene on X chromosome and
five genes on Y chromosome) in three regions (dorsolateral
PFC, anterior cingulated cortex and cerebellum) of postmortem
brains. Weickert et al. (13) examined the transcriptome in post-
mortem PFC of subjects ranging in age from 1 month to 50
years, and found that the expression of 83 genes (25 on sex chro-
mosomes and 58 on autosomes) differed between males and
females. Although differential gene expression between males
and females has been observed in numerous studies, the mech-
anism for the sex differences in gene expression is far from
being understood.

Accumulating evidence suggests that, besides the genetic dif-
ferences between males (with X and Y chromosomes) and
females (with two X chromosomes), epigenetic modifications
such as DNA methylation and histone modifications are also po-
tential sources of sex differences in gene expression. A good
example is X chromosome inactivation, a process by which
one of the two copies of the X chromosome in females is inacti-
vated. The silence of one of the two X chromosomes in females is
largely due to a combination of DNA methylation and histone
modifications (14). Gene imprinting, which appears in both
sex and autosomal chromosomes, is also a type of epigenetic
control of sex differences in gene expression. In imprinted
genes, either the paternal or maternal allele is hypermethylated,
thus leading to monoallelic expression (15). Additionally, envir-
onmental factors may affect brain activity and behavior as well
as disease vulnerability differently between men and women
(16,17). Since the effect of environmental factors on gene ex-
pression is potentially mediated by epigenetic events (e.g. DNA
methylation) (18), environmental factors could be another
source of epigenetic differences between males and females.

Based on the above findings, sex is believed to be an im-
portant predictor of DNA methylation and gene expression.
Studies of the influence of sex on DNA methylation have pro-
vided strong evidence that sex affects genome-wide DNA
methylation in both salvia and blood samples (19,20). Never-
theless, no study is known to have analyzed genome-wide
DNA methylation and gene expression differences between
males and females in human brain tissue samples simultan-
eously. The aim of the present study was to use the microarray
approach to investigate postmortem PFC DNA methylation
and gene expression differences between 32 males and 14
females (all with European ancestry) (Table 1). Functional
annotations for those genes showing differential methylation
and expression between males and females were analyzed
by bioinformatics programs.

RESULTS

Differentially methylated CpGs between males and females

Genome-wide DNA methylation levels in postmortem PFC
were examined using the Illumina Infinium HumanMethyla-
tion450 BeadChip and compared between males and females
using multiple linear regress analysis (see Materials and
Methods). Among the 430 011 CpGs (remained after data
quality control), 420 419 (97.8%) were located on autosomes
and 9592 (2.2%) were located on sex (X or Y) chromosomes.
As displayed in the volcano plot (Fig. 1A), 22 124 CpGs
(5.1%) showed differential methylation between males and
females (Pnominal ¼ 2.6 × 10238–0.05, see Supplementary Ma-
terial, Table S1). The P-values (Pnominal ¼ 2.6 × 10238–1.0 ×
1023) of 8357 CpGs (5587 CpGs in promoter regions, 1256
CpGs in gene bodies, 307 CpGs in 3′ UTRs and 1207 CpGs in
intergenic regions) survived multiple-testing correction (1.3 ×
10232 ≤ q ≤ 0.05). The results of top 20 sex chromosomal
CpGs (P ≤ 9.7 × 10235) and top 20 autosomal CpGs (P ≤
3.3 × 10212) are presented in Table 2. The asymmetric density
pattern (as shown in Fig. 1B) indicated that a greater proportion
[67.4% or 5635 CpGs (including 476 on autosomes, 5152 on X
chromosomes and 7 on Y chromosomes)] of the 8357 CpGs
(q ≤ 0.05) were hypermethylated in females in comparison to
males. Hierarchical clustering analysis was performed based
on methylation levels (b-values) of 8357 CpGs (q ≤ 0.05).
The heatmap showed that the 46 subjects were clustered into
two distinct subgroups that were highly consistent with their
sex status (Fig. 1C). The Manhattan plot (Fig. 1D) displayed
the distribution of the P-values generated by multiple linear re-
gression analysis of the sex effect on DNA methylation across
all chromosomes. Among the 8357 CpGs that showed differen-
tial methylation between males and females (Pnominal ,
thinsp;1.0 × 1023 or q ≤ 0.05), 7743 CpGs (92.7%) were
located on sex chromosomes (7721 CpG on X chromosome
and 22 on Y chromosome), whereas only 614 CpGs (7.3%)
were located on autosomes.

Differentially expressed genes between males and females

Genome-wide expression levels of genes were quantified using
the Illumina HumanHT-12 v4 Expression BeadChip and com-
pared between males and females using multiple linear regres-
sion analysis (see Materials and Methods). The regression
analysis results of the 14 851 genes (remained after filtering
out genes with low quality expression data) were summarized
by volcano plotting (Fig. 2A). One thousand four hundred and
eighty-nine genes were differentially expressed between males
and females (Pnominal ¼ 4.1 × 10236–0.05, see Supplementary
Material, Table S2). The P-values (4.1 × 10236 ≤ Pnominal ≤
1.1 × 1024) of 35 genes (2.3%) survived multiple-testing cor-
rection (4.8 × 10232 ≤ q ≤ 0.05) (Table 3). Density plotting
of the regression coefficients (obtained from multiple linear
regression analysis) of these 1489 genes showed that 744
genes (712 on autosomes and 32 on sex chromosome) were
up-regulated and 745 genes (685 on autosomes and 60 on sex
chromosomes) were down-regulated in females in comparison
to males (Fig. 2B). Hierarchical clustering analysis was per-
formed based on expression levels of the 35 genes (q ≤ 0.05).
The heatmap showed that the 46 subjects were clustered into

Table 1. Demographic information of postmortem PFC tissues

Males
(n ¼ 32)

Females
(n ¼ 14)

P-value
(t-test)

Ethnicity Caucasian Caucasian
Age (years) (mean+SD) 56+10 57+6 0.896
Postmortem interval (h)

(mean+SD)
37.5+14.8 33.1+13.9 0.338

Brain weight (g)
(mean+SD)

1457.9+96.0 1254.3+107.1 3.3 × 1026

Brain pH (mean+SD) 6.6+0.2 6.5+0.3 0.293
Alcohol use disorders [n (%)] 16 (50%) 7 (50%)

Human Molecular Genetics, 2014, Vol. 23, No. 5 1261

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt516/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt516/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt516/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt516/-/DC1


two distinct subgroups that were highly consistent with their sex
status (Fig. 2C). The distribution of the P-values generated by
multiple linear regression analysis of the sex effect on gene ex-
pression across all chromosomes was displayed by a Manhattan
plot (Fig. 2D).

Correlation of DNA methylation and gene expression

One thousand four hundred and three of the above 22 124 differ-
entially methylated CpGs (Pnominal ≤ 0.05) were mapped to 547
of the above 1489 differentially expressed genes (Pnominal ≤
0.05), thus generating 1436 CpG (methylation)–gene (expres-
sion) pairs. Based on the Illumina annotation file (see Materials
and Methods), CpGs were classified into four groups based on
their locations in promoter regions [from 1500 bp upstream to
200 bp downstream of the transcription start site (TSS), including
all or part of the 5′ untranslated region (5′ UTR) and/or the first
exon], gene bodies, 3′ UTRs or intergenic regions.Significant cor-
relation was observed in 585 pairs (2.3 × 10235 ≤ Pcorrelation ≤

0.05, 1.2 × 10232 , q , 0.044, see Supplementary Material,
Table S3). The 585 pairs were classified into four subgroups in
terms of the relative CpG methylation and gene expression altera-
tions (up or down) in females in comparison to males as well as
CpG locations in gene regions (promoter regions, gene bodies
or 3′ UTRs) (Fig. 3). A negative correlation was observed in
431 (395 �� + 36��) pairs (2.3 × 10235 ≤ Pcorrelation ≤ 0.05,
1.2 × 10232 , q , 0.044), whereas a positive correlation was
observed in 154 (116�� + 38��) pairs (5.0 × 1029 ≤
Pcorrelation ≤ 0.05, 2.6 × 1027 , q , 0.043). The top 10 nega-
tively (Pcorrelation ≤ 7.1 × 1027, q , 3.3 × 1025) and top 10
positively (Pcorrelation ≤ 1.2 × 1024, q , 2.3 × 1023) correlated
CpG (methylation)–gene (expression) pairs are listed in Table 4.

Biological themes enriched by differentially methylated
and expressed genes

We further analyzed the biological function of the 188 genes
involved in the above 585 CpG methylation–genes expression

Figure 1. Genome-wide DNA methylation differences between 32 male and 14 female subjects. (A) Volcano plotting of regression coefficients of 430 011 CpGs
against -log10(P-values). Regression coefficients were obtained from multiple linear regression analysis. (B) Kernel density estimation of the distributions of regres-
sion coefficients of 8357 CpGs (Pnominal , 0.001or q ≤ 0.05). (C) Hierarchical clustering heatmap was constructed usingmethylation levels of 8357CpGs(Pnominal ,
0.001 or q ≤ 0.05) across the 46 subjects (columns). Colors in the heatmap indicate methylation levels (blue to yellow: low to high methylation levels). The horizontal
bars underneath the cluster tree indicate the sex status of the 46 subjects (red color: 14 females; blue color: 32 males). (D) A Manhattan plot showing sex differences in
DNA methylation across the genome.
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pairs using the DAVID functional classification tool. The GO
terms enriched by these 188 genes (134 on autosomes and 54
on sex chromosomes) were assigned to 24 clusters ranked by
the biological significance of groups of genes based on all
enriched annotation terms. Thirty-three genes included in the
top cluster (enrichment score: 4.7) belong to 12 GO terms that
are mainly involved in ribosome structure and function, RNA
binding and protein translation (Table 5). Additionally, func-
tional annotation analysis was performed using 54 genes (of
the 188 genes) located on sex chromosomes. Eleven GO terms
were found in the top cluster, and a majority of these GO terms
are relevant to protein translation (see Supplementary Material,
Table S4).

DISCUSSION

This study demonstrated differential methylomic and transcrip-
tomic patterns in the PFC between men and women. It also pro-
vided evidence that sex-biased DNA methylation and sex-biased
gene expression in a number of genes were significantly (either
positively or negatively) correlated. Bioinformatics analysis
suggests that genes with sex-biased DNA methylation and corre-
lated sex-biased expression might be involved in cellular func-
tions relevant to protein synthesis. The major findings from
this study were discussed below.

First, sex differences in DNA methylation were dispersed
across the genome but predominantly on the X chromosome.

Table 2. Top 20 sex chromosomal and top 20 autosonal CpGs with sex-biased methylation

CpGs Genes Chromosome Locationa b (males)b b (females)b Effect sizec Pnominal
d qe

Top 20 sex chromosomal CpGs with sex-biased methylation
cg11143827 BCOR X Promoter 0.94 0.54 20.40 2.6E238 1.3E232
cg11516614 X Intergenic 0.83 0.56 20.28 8.9E237 1.2E231
cg21010298 BCOR X Promoter 0.86 0.46 20.40 9.5E237 1.2E231
cg01086462 Y Intergenic 0.58 0.17 20.41 6.0E237 1.2E231
cg22223709 PPP1R2P9 X Body 0.94 0.67 20.27 1.4E236 1.2E231
cg22655232 PPP1R2P9 X Promoter 0.88 0.54 20.34 1.9E236 1.2E231
cg00455876 Y Intergenic 0.76 0.40 20.35 2.0E236 1.2E231
cg03959079 X Intergenic 0.84 0.55 20.29 2.6E236 1.4E231
cg11049634 BCOR X Promoter 0.92 0.52 20.40 4.0E236 1.9E231
cg26327984 PPP1R2P9 X Promoter 0.93 0.65 20.29 6.0E236 2.6E231
cg24183173 BCOR X Promoter 0.89 0.49 20.40 6.7E236 2.7E231
cg27551771 KIAA1210 X 3′UTR 0.83 0.58 20.25 7.6E236 2.7E231
cg05130312 LOC286467 X Body 0.83 0.46 20.37 8.0E236 2.7E231
cg03161453 BCOR X Promoter 0.85 0.49 20.36 8.5E236 2.7E231
cg22067189 PPP1R2P9 X Promoter 0.90 0.65 20.25 9.0E236 2.7E231
cg20348344 BCOR X Promoter 0.94 0.59 20.34 1.3E235 3.6E231
cg21797452 LOC286467 X Body 0.86 0.57 20.29 2.9E235 7.8E231
cg04493908 Y Intergenic 0.73 0.37 20.37 4.1E235 1.0E230
cg04690567 PHF8 X 3′UTR 0.81 0.57 20.24 6.8E235 1.6E230
cg16440909 MAMLD1 X Promoter 0.84 0.54 20.30 9.7E235 2.2E230

Top 20 autosomal CpGs with sex-biased methylation
cg25294185 RNASEH2C 11 Body 0.17 0.07 20.10 1.2E224 2.1E222
cg04946709 LOC644649 16 Body 0.79 0.71 20.08 1.8E221 2.2E219
cg11643285 RFTN1 3 Body 0.73 0.85 0.12 1.6E220 1.8E218
cg03691818 KRT77 12 Body 0.05 0.11 0.06 1.1E219 1.1E217
cg15817705 1 Intergenic 0.79 0.69 20.10 9.9E219 1.0E216
cg04858776 11 Intergenic 0.05 0.11 0.05 1.1E218 1.2E216
cg03618918 1 Intergenic 0.77 0.68 20.09 1.2E218 1.3E216
cg17232883 11 Intergenic 0.09 0.14 0.05 9.5E217 8.9E215
cg25304146 WBP11P1 18 Body 0.65 0.57 20.07 7.0E216 6.4E214
cg25568337 ARID1B 6 Promoter 0.15 0.21 0.06 7.1E215 6.2E213
cg26355737 TFDP1 13 Body 0.85 0.78 20.07 1.4E214 1.2E212
cg22227586 FAM35A 10 Promoter 0.03 0.05 0.02 1.4E214 1.2E212
cg26516287 SCIN 7 Promoter 0.77 0.81 0.04 8.9E214 7.5E212
cg01225095 YARS2 12 Promoter 0.11 0.15 0.04 1.9E213 1.6E211
cg16727519 H3F3A 1 Body 0.57 0.51 20.05 5.8E213 4.7E211
cg06710937 13 Intergenic 0.06 0.10 0.04 1.1E212 8.9E211
cg06759085 NAB1 2 3’UTR 0.78 0.71 20.07 1.9E212 1.5E210
cg16169375 C6orf108 6 Promoter 0.08 0.11 0.03 2.0E212 1.6E210
cg20808136 15 Intergenic 0.84 0.78 20.06 3.3E212 2.6E210
cg03608000 ZNF69 19 Promoter 0.06 0.08 0.02 3.3E212 2.6E210

aLocation of CpGs in promoter regions, gene bodies, 3’ UTRs or intergenic regions.
bMean CpG methylation levels in males (or females) measured by Illumina’s 450 K Methylation BeadChip.
cRegression coefficients by multiple linear regression analysis.
dObserved P-values by multiple linear regression analysis.
eAdjusted P-values by R package qvalue, controlling the FDR at 0.05.

Human Molecular Genetics, 2014, Vol. 23, No. 5 1263

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt516/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt516/-/DC1


As shown in Figure 1D, among the 8357 CpGs that showed
differential methylation between males and females (at the
q ≤ 0.05 level), 7721 CpGs (92.4%) were located on the X
chromosome. Moreover, 5152 (or 66.7%) of the 7721 CpGs
were hypermethylated in females in comparison to males.
These findings may have important implications for understand-
ing the mechanism of X chromosome inactivation. It has long
been known that X chromosome inactivation is required for gen-
erating an equivalent expression of X chromosome genes in
males and females. However, the mechanism of the dosage
compensation is understudied. Accumulating evidence suggests
that one of the two X chromosomes is largely silenced by a com-
bination of histone modifications and DNA methylation (14).
The findings of the present study support that X chromosome in-
activation is at least partially caused by hypermethylation of X
chromosomal CpGs in females. Nevertheless, a smaller propor-
tion (2569 or 33.3%) of the 7721 X chromosome CpGs showed
significantly lower methylation levels in females than in males.
The implication of hypomethylation of X chromosome CpGs in

females is unknown and merits further investigation. Moreover,
sex-biased DNA methylation has also been reported in non-brain
samples such as placenta, peripheral blood or saliva (19,21).
Thus, it is likely that sex-biased methylation of sex chromosome
CpGs occurs widely in different organs or tissues in mammals.

Additionally, the present study demonstrated that only a small
number of autosomal CpGs showed sex-biased methylation.
Among the 8357 CpGs with differential methylation between
males and females (at the q ≤ 0.05 level), only 614 CpGs (or
7.3%) were located on autosomes (Fig. 1D). This is consistent
with our expectation that autosomal genes should not have a
striking difference in DNA methylation between males and
females. The differential methylation of the 614 autosomal
CpGs between males and females is unlikely due to non-
specificity of some of the Illumina 450 K microarray probes.
Before performing statistical analysis, we excluded all those
autosomal CpGs showing significant sex methylation differ-
ences resulting from the cross-reactive (or non-specific) probes
that co-hybridize to both autosomal and sex chromosomes, as

Figure 2. Genome-wide gene expression differences between 32 male and 14 female subjects. (A) Volcano plotting of regression coefficients (obtained from multiple
linear regression analysis) of 14 851 genes against 2log10 (P-values). Red dots represent 35 genes with 4.07 × 10236 ≤ Pnominal ≤ 1.13 × 1024 (or q ≤ 0.05). Green
dots represent 1464 genes with 1.57 × 1024 ≤ Pnominal ≤ 0.05. (B) Kernel density estimation of the distributions of regression coefficients of the above 1489 (35 +
1464) genes (Pnominal ≤ 0.05). (C) Hierarchical clustering heatmap was constructed using methylation levels of 35 genes (rows) (q ≤ 0.05) across the 46 subjects
(columns). Colors in the heatmap indicate expression levels (blue to yellow: low to high expression levels). The horizontal bars underneath the cluster tree indicate
the sex status of the 46 subjects (red color: 14 females; blue color: 32 males). (D) A Manhattan plot showing sex differences in gene expression across the genome.
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reported in a previous study (22). In the present study, 420 419
autosomal CpGs were detected by Illumina’s 450 K Methylation
BeadChip. The 614 differentially methylated CpGs only
accounts for a very small proportion (0.1%) of the 420 419 auto-
somal CpGs. These results suggest that the majority of auto-
somal genes have similar methylation levels (and thus similar
expression levels) in males and females. The small number of
genes with sex-biased methylation may be involved in sexual di-
morphism or phenotypic differences between males and
females.

Secondly, we did observe sex-enriched expression of genes
located on either autosomes or sex chromosomes. Nevertheless,
the sex difference in gene expression was small. The small-scale
differences in a number of genes are expected to have a large
combined impact on cellular differences between males and
females. As shown in Table 3, the expression of only 35 genes
(9 on autosomes, 7 exclusively on the X chromosome, 14 exclu-
sively on the Y chromosome and 5 on both X and Y chromo-
somes) was significantly different between males and females
(at the q ≤ 0.05 level). Nineteen genes on the Y chromosome

(including the 5 genes located on both X and Y chromosomes)
were all up-regulated in males. The finding supports the mechan-
ism of dosage compensation for expression of single-copy genes
located on the Y chromosome. Several of these 19 genes (e.g.
CYorf14, TTTY15 and TTTY14) are expressed mainly in the
testis, suggesting a male-specific function in spermatogensis.
Moreover, four (XIST, ZFX, HDHD1A and RPS4X) of the
seven X chromosome genes (excluding the three unknown
genes LOC554203, LOC100133578 and LOC100133662)
were all up-regulated in females. There is evidence that about
15% of X-linked genes escape silencing by X chromosome in-
activation and are expressed from both X chromosomes in
female mammalians (23). The above four X chromosome
genes (XIST, ZFX, HDHD1A and RPS4X) were among them;
hence, their expression levels in females were higher than that
in males because two alleles of the X chromosome genes were
expressed in females. Among the nine autosomal genes
showing differential expression between males and females,
three were up-regulated but six were down-regulated in males
in comparison to females. There are a number of possible

Table 3. Top 35 genes with differential expression between males and females (q , 0.05)

Genes Chromosome Expression (males)a Expression (females)a Effect sizeb Pnominal
c qd

LOC647322 2 6.86 7.20 0.35 9.8E205 3.4E202
LOC646849 3 7.76 7.95 0.22 1.3E205 6.2E203
LOC391777 5 12.70 12.84 0.16 6.7E205 2.5E202
B4GALT7 5 8.69 8.49 20.20 1.1E204 3.8E202
COMMD5 8 7.49 7.39 20.10 3.3E205 1.4E202
NACAP1 8 7.06 7.22 0.18 5.9E205 2.3E202
CORO1C 12 8.46 8.69 0.26 4.9E205 2.0E202
UBE2Q2 15 8.70 8.88 0.19 8.8E205 3.1E202
C17orf49 17 9.46 9.31 20.15 1.6E205 7.4E203
XIST X 6.88 9.69 2.84 1.2E234 7.3E231
LOC100133662 X 8.16 6.49 21.67 2.1E226 4.8E223
ZFX X 6.57 6.74 0.16 4.7E207 3.0E204
LOC554203 X 6.97 7.19 0.22 1.8E206 1.0E203
HDHD1A X 7.21 7.40 0.18 2.9E206 1.6E203
RPS4X X 10.14 10.44 0.32 5.2E206 2.6E203
LOC100133578 X 7.30 7.03 20.25 2.6E205 1.2E202
ASMTL X/Ye 8.32 7.99 20.32 4.1E208 3.0E205
PLCXD1 X/Ye 8.68 8.07 20.63 1.4E207 9.5E205
ZBED1 X/Ye 9.26 8.98 20.30 3.5E206 1.9E203
SFRS17A X/Ye 8.38 8.23 20.16 3.2E205 1.4E202
PPP2R3B X/Ye 6.77 6.64 20.13 8.0E205 2.9E202
RPS4Y1 Y 10.43 7.19 23.24 4.1E236 4.8E232
JARID1D Y 7.68 6.47 21.22 9.3E231 3.6E227
EIF1AY Y 7.60 6.49 21.11 1.2E227 3.6E224
RPS4Y2 Y 6.99 6.43 20.55 3.7E220 7.3E217
CYorf15A Y 6.91 6.46 20.45 1.4E217 2.4E214
NLGN4Y Y 6.98 6.37 20.61 1.8E216 2.7E213
TMSB4Y Y 6.69 6.33 20.36 3.8E214 5.0E211
USP9Y Y 6.64 6.35 20.30 1.0E212 1.2E209
CYorf14 Y 6.59 6.37 20.22 2.1E212 2.2E209
LOC643123 Y 6.60 6.36 20.24 2.8E212 2.8E209
TTTY15 Y 6.53 6.33 20.20 1.3E210 1.2E207
TTTY14 Y 6.63 6.45 20.18 5.5E209 4.6E206
LOC650914 Y 6.62 6.39 20.22 3.9E208 3.0E205
PRKY Y 6.72 6.48 20.23 4.8E207 3.0E204

aMean gene expression levels in males (or females) measured by Illumina’s HT-12 v4 Gene Expression BeadChip.
bRegression coefficients by multiple linear regression analysis.
cObserved P-values by multiple linear regression analysis.
dAdjusted P-values by R package qvalue, controlling the FDR at 0.05.
eGenes are located on both X and Y chromosomes.
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causes for sex differences in autosomal gene expression. Wij-
chers and Festenstein (24) proposed several non-hormonal
mechanisms that could explain the autosomal gene expression
differences between males and females in somatic tissues.
Apart from that, genetic variations and epigenetic modifications
(e.g. DNA methylation-associated maternal or paternal allele
imprinting) may also contribute to sex-biased autosomal gene
expression. Additionally, in the present study, fewer sexual dif-
ferentially expressed genes were identified in human brains com-
pared with fruit fly or mouse somatic tissues. This may be due to
(i) the sample size of human brain tissues (often not easily assess-
able) for the present study was moderate, thus genes with minor
expression differences between men and women were not
detected; and (ii) gene expression is usually tissue-specific,
and the patterns of gene regulation and expression in the brain
are complex.

Thirdly, the present study indicates that the correlation of
DNA methylation and gene expression is complex. DNA methy-
lation not only inhibits but also promotes gene expression. As
shown in Figure 3, we obtained 585 CpG methylation–gene ex-
pression pairs (431 negatively and 154 positively correlated),
and 472 (80.7%) of the 585 CpGs involved in the 585 pairs
were located in gene promoter regions. The 585 CpGs were
queried against the SNPnexus database (http://www.snp-nexus.
org/) to see whether any of them were potentially located in

transcription factor binding sites (TFBS). Nineteen (12.3%)
CpGs involved in the 154 positively correlated pairs were poten-
tially located in TFBS, while 50 (11.6%) CpGs of 431 negatively
correlated pairs were potentially located in TFBS. Thex2 test did
not show significant difference between the numbers of the posi-
tively and negatively correlated CpGs that are potentially
located in TFBS (x2 ¼ 0.06, P ¼ 0.808). Of interest, the propor-
tion of negatively correlated CpGs in promoter regions was
86.1% (n ¼ 371), which was significantly higher than that
(65.6%) of the positively correlated CpGs (n ¼ 101) in promoter
regions (x2 ¼ 30.58, P ¼ 3.2 × 1028). This is consistent with
previous findings that promoter DNA methylation tended to
repress gene transcription. Several previous studies have also
demonstrated a negative correlation of promoter CpG methyla-
tion and gene expression levels (25,26). These findings including
ours support the hypothesis that methylation of promoter CpGs
may prevent binding of transcription factors to promoter
regions, thus leading to transcription inhibition. Nevertheless,
the mechanism regarding the positive correlation of CpG methy-
lation and gene expression is not clear. The influence of DNA
methylation on gene transcription has been suggested to be de-
pendent on CpG locations in gene regions (27). While methyla-
tion of CpGs in the immediate vicinity of the TSS tends to block
transcription initiation, methylation of CpGs in other gene
regions (e.g. gene bodies) may not affect gene transcription or

Figure 3. Sex-associated CpG (methylation)–gene (expression) pairs. (A) One thousand four hundred and three of the 22 124 differentially methylated CpGs
(Pnominal ≤ 0.05) were mapped to 547 of the 1489 differentially expressed genes (Pnominal ≤ 0.05), thus generating 1436 CpG (methylation)–gene (expression)
pairs [including 585 significant pairs (Pcorrelation ≤ 0.05)]. (B) Density plotting of correlation coefficients (obtained from the Pearson correlation analysis) of the
585 CpG (methylation)–gene (expression) pairs by the Kernel method. (C) Histogram of the 585 sex-specific CpG (methylation)–gene (expression) pairs (Pcorrelation -
≤ 0.05). Arrows under the histogram indicate the direction of DNA methylation and gene expression changes in females (e.g. �� means increased DNA methylation
levels but decreased gene expression levels in females) in comparison to males.
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Table 4. Top 10 negatively and top 10 positively correlated CpG (methylation)–gene (expression) pairs

CpGs Genes Chr. Location Methylation analysis Expression analysis Correlation analysis
ba Pnominal

b qc ba Pnominal
b qc r Pcorrelation

d qcorrelation
c

Top 10 negatively correlated pairs
cg12653510 XIST X Body 20.25 2.0E232 1.8E228 2.84 1.2E234 7.3E231 20.99 2.3E235 1.2E232
cg11717280 XIST X Promoter 20.25 1.3E227 8.1E225 2.84 1.2E234 7.3E231 20.98 1.1E232 2.7E230
cg26983535 EIF1AY Y Promoter 0.32 1.9E224 3.2E222 21.11 1.2E227 3.6E224 20.97 1.8E227 3.1E225
cg05533223 XIST X Body 20.26 4.9E226 1.2E223 2.84 1.2E234 7.3E231 20.97 3.2E227 4.1E225
cg01375382 RPS4Y1 Y Promoter 0.28 7.3E222 9.2E220 23.24 4.1E236 4.8E232 20.96 1.0E226 1.1E224
cg03554089 XIST X Body 20.20 7.5E219 7.8E217 2.84 1.2E234 7.3E231 20.92 1.8E219 1.5E217
cg20698282 XIST X Promoter 20.15 2.6E218 2.6E216 2.84 1.2E234 7.3E231 20.92 3.4E219 2.5E217
cg02233183 NLGN4Y Y Promoter 0.02 4.1E210 2.9E208 20.61 1.8E216 2.7E213 20.78 2.3E210 1.4E208
cg25032547 TTTY15 Y Promoter 0.15 1.5E215 1.3E213 20.20 1.3E210 1.2E207 20.75 1.9E209 1.1E207
cg19917656 GSTO2 10 Promoter 0.02 2.0E202 6.0E201 20.14 4.4E202 3.8E201 20.66 7.1E207 3.3E205

Top 10 positively correlated pairs
cg26251715 TTTY14 Y Body 20.15 4.6E222 5.8E220 20.18 5.5E209 4.6E206 0.74 5.0E209 2.6E207
cg07900766 SPAG16 2 Promoter 0.01 2.8E202 7.2E201 0.15 7.8E204 1.5E201 0.62 4.3E206 1.8E204
cg02546818 RPS4X X Promoter 0.05 8.7E212 6.7E210 0.32 5.2E206 2.6E203 0.61 7.5E206 2.8E204
cg01714671 RPS4X X Body 0.08 6.1E218 6.0E216 0.32 5.2E206 2.6E203 0.58 2.1E205 6.6E204
cg17513789 XIST X Promoter 0.05 5.2E205 3.0E203 2.84 1.2E234 7.3E231 0.58 2.6E205 7.9E204
cg00481499 SPAG16 2 Promoter 0.01 2.7E202 7.0E201 0.15 7.8E204 1.5E201 0.55 6.9E205 1.9E203
cg17279685 XIST X Promoter 0.03 1.6E204 8.8E203 2.84 1.2E234 7.3E231 0.54 9.8E205 2.2E203
cg08859156 RPS4X X Body 0.03 1.5E208 1.0E206 0.32 5.2E206 2.6E203 0.54 1.1E204 2.2E203
cg15319295 XIST X Body 0.02 1.9E204 1.0E202 2.84 1.2E234 7.3E231 0.54 1.2E204 2.3E203
cg26944949 LOC554203 X Body 0.08 3.0E207 1.9E205 0.22 1.8E206 1.0E203 0.54 1.2E204 2.3E203

aEffect size (or regression coefficients) by multiple linear regression analysis.
bObserved P-values by multiple linear regression analysis.
cAdjusted P-values by R package qvalue, controlling the FDR at 0.05.
dCorrelation P-values by the Pearson correlation analysis.

H
u

m
a

n
M

o
lecu

la
r

G
en

etics,
2

0
1

4
,
V

o
l.

2
3

,
N

o
.
5

1
2

6
7



even enhance transcription. For example, methylation of CpGs
in repeat regions such as centromeres is important for chromo-
somal stability (28), thus it is favorable for gene transcription.
However, further studies are warranted to assess the function
of promoter CpG methylation that is positively correlated with
gene expression.

Fourthly, genes with sex differences in DNA methylation and
gene expression may have specific biological functions that are
important for the formation of phenotypic, behavioral or cogni-
tive differences between males and females. Gene functional
annotation analysis showed that almost all the top GO terms
enriched by some of the 188 genes (involved in the above 585
CpG methylation–gene expression pairs) are related to riboso-
mal structure and function as well as protein translation
(Table 5). Moreover, functional annotation analysis was per-
formed using 54 genes (of the 188 genes) located on sex chromo-
somes. A majority of the obtained GO terms in the top cluster are
relevant to protein translation (see Supplementary Material,
Table S4). These findings suggest that sex-biased DNA methy-
lation may result in sex-biased expression of genes that partici-
pate in protein synthesis.

Taken together, this study examined the sex influence on
methylomic and transcriptomic patterns in postmortem PFC. It
provided strong evidence of sex-biased methylation and expres-
sion of genes located on either autosomes or sex chromosomes.
Given that DNA methylation and gene expression are potentially
tissue-specific (29,30), future studies should also examine sex-
associated DNA methylation and gene expression in other
brain regions and peripheral organs or tissues.

MATERIALS AND METHODS

Human postmortem PFC tissues

Autopsy brain tissue samples were obtained from the New South
Wales Tissue Resource Centre (NSW TRC) at the University of
Sydney. It has ethics approval from the Sydney Local Health
Network and the University of Sydney. Fresh-frozen sections
of Brodmann area 9 (BA9, mainly the dorsolateral PFC of the

brain) were obtained from 46 European Australians (32 males
and 14 females). Subjects were assessed according to criteria
in the Diagnostic and Statistical Manual of Mental Disorders
4th Edition (DSM-IV) (31). Among the 46 subjects, 23 (16
males and 7 females) had alcohol use disorders (AUDs). All sub-
jects were not affected with illicit drug abuse and dependence or
major psychotic disorders such as schizophrenia and bipolar dis-
orders. The clinical information (including race, age, post-
mortem intervals, brain weight, brain pH and alcohol daily
use) of the 32 male and 14 female samples is presented in
Table 1. The male and female samples were not significantly dif-
ferent in subject age, postmortem intervals, brain pH and alcohol
daily use (Pt-test . 0.05). However, the mean brain weight
(1457.9 g) of males was significantly heavier than that
(1254.3 g) of females (Pt-test ¼ 3.3 × 1026).

Genome-wide DNA methylation assay

Genomic DNA was extracted from postmortem PFC tissues
from 32 males and 14 females using the QIAamp DNA Micro
Kit (QIAGEN, Valencia, CA, USA). Genomic DNA was
checked for quality by 0.8% agarose gel and quantified using a
NanoDrop 8000 spectrophotometer (Thermo Scientific, Wil-
mington, DE, USA). Five hundred nanograms of genomic
DNA were treated with bisulfite reagents included in the
EZ-96 DNA methylation kit (Zymo Research, Orange, CA,
USA) according to the manufacturer’s protocol. Genome-wide
DNA methylation levels were examined using the Illumina Infi-
nium HumanMethylation450 BeadChip (Illumina, San Diego,
CA, USA), following the Illumina Infinium HD Methylation
protocol (32). This BeadChip interrogates 485 577 CpG sites
per sample at single-nucleotide resolution. It covers 99% of
RefSeq genes, with 41% of CpG sites in promoter regions
[from 1500 bp upstream to 200 bp downstream of the TSS, in-
cluding all or part of the 5′ UTR and/or the first exon], 31% in
gene bodies, 3% in 3′ UTRs and 25% in intergenic regions
(32). GenomeStudio software V2011.1 (Methylation Module
V1.9.0) from Illumina was used to generate raw b-values for

Table 5. DAVID functional enrichment analysis results (Annotation Cluster 1)

GO terms Count Fold
enrichment

P-value Genes

Translation 17 4.9 3.8E207 MRPL4, VARS2, EIF2S3, RPS15A, RPL39, RPS4X, RPS8, RPS27, MRPL12, RPS16,
RPL7, TSFM, EIF1AY, RPLP1, GSPT2, RPS4Y1, RPL36AL

Structural constituent of ribosome 12 7.1 9.4E207 RPS27, MRPL4, MRPL12, RPS16, RPL7, RPLP1, RPS4Y1, RPS15A, RPS4X,
RPL39, RPS8, RPL36AL

Translational elongation 10 9.4 1.1E206 RPS27, RPS16, RPL7, TSFM, RPLP1, RPS4Y1, RPS15A, RPS4X, RPL39, RPS8
Cytosolic ribosome 9 10.6 1.9E206 RPS27, RPS16, RPL7, RPLP1, RPS4Y1, RPS15A, RPS4X, RPL39, RPS8
Ribonucleoprotein complex 19 3.5 6.3E206 MRPL4, RBM5, RPS15A, SF3B5, RPL39, RPS4X, PRPF4, BRCA1, RPS8, RPS27,

MRPL12, RPS16, RPL7, DHX38, RPLP1, RPS4Y1, PPIL3, PABPC1, RPL36AL
Ribosomal subunit 10 7.5 7.3E206 RPS27, MRPL12, RPS16, RPL7, RPLP1, RPS4Y1, RPS15A, RPS4X, RPL39, RPS8
Ribosome 12 5.3 1.5E205 RPS27, MRPL4, MRPL12, RPS16, RPL7, RPLP1, RPS4Y1, RPS15A, RPS4X,

RPL39, RPS8, RPL36AL
Cytosolic part 10 6.3 2.9E205 RPS27, RPS16, RPL7, RPLP1, IKBKG, RPS4Y1, RPS15A, RPS4X, RPL39, RPS8
Cytosolic small ribosomal subunit 6 14.3 5.6E205 RPS27, RPS16, RPS4Y1, RPS15A, RPS4X, RPS8
Small ribosomal subunit 6 9.1 4.9E204 RPS27, RPS16, RPS4Y1, RPS15A, RPS4X, RPS8
Structural molecule activity 15 2.3 4.4E203 MRPL4, RPS15A, RPL39, RPS4X, RPS8, RPS27, MRPL12, RPL7, RPS16, RPLP1,

RPS4Y1, TUBA1B, DEDD2, RPL36AL, NPHP1
RNA binding 16 2.2 5.4E203 FUS, RBM41, RPUSD3, EXOSC5, RBM5, RPS15A, RPS4X, RPL39, MRPL12,

RPL7, RPS16, EIF1AY, RPLP1, RPS4Y1, PABPC1, LRPPRC
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each CpG site, withb-values ranging from 0 (0% methylation or
completely unmethylated) to 1 (100% methylation or complete-
ly methylated). Methylation data were normalized using data
from internal control probes that were designed specifically for
Illumina’s HumanMethylation450 BeadChip. Ch probes (non-
CpG probes), CpG-SNP probes and probes with signal inten-
sities indistinguishable from the background noise (detection
P-value . 0.05) were excluded. Additionally, CpGs demon-
strating significant sex differences in methylation levels as the
result of co-hybridization of cross-reactive probes to both auto-
somal and sex chromosomes, as described in a previous study
(22), were also excluded. The R package sva (33) was applied
to compensate for batch effect (due to different chips). Principal
variance component analysis (PVCA)(34) was then used tocalcu-
late the proportion of total variability explained by batch effect. It
was confirmed that batch effect was removed effectively by sva
from normalized methyaltion data (Supplementary Material,
Fig. S1A). After the above data quality control process, a total
of 430 011 CpGs with high-quality methylation data remained
for further analysis. Our methyaltion data have been deposited
in the NCBI GEO database (Accession Number: GSE49393).

Genome-wide gene expression assay

Total RNA was extracted from postmortem PFC tissue from 32
males and 14 females using the miRNeasy Mini Kit (QIAGEN).
Total RNA was quantified by NanoDrop 8000 spectrophotometer
(Thermo Scientific). The RNA integrity number (RIN) was deter-
mined using the RNA 6000 Nano Lab-on-a-Chip kit and the Bioa-
nalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). The
RIN ranged from 5 to 7 for the 46 RNA samples. Genome-wide
expression levels of genes were quantified using the Illumina
HumanHT-12 v4 Expression BeadChip (Illumina Inc., San
Diego, CA, USA). Each array targets more than 31 000 annotated
genes with more than 47 000 probes derived from the National
Center for Biotechnology Information Reference Sequence
(NCBI) RefSeq Release 38 (November 7, 2009) and other
sources. Probe intensity and gene expression data were analyzed
using Illumina’s GenomeStudio software V2011.1 (Gene Expres-
sion Module V1.9.0). Low-level analysis of microarray data was
performed in R 2.15.1 using the Bioconductor package lumi
(35). The variance stabilizing transformation method (36) and
the robust spline normalization (26) method were applied to all
arrays. After normalization, annotated genes with intensities indis-
tinguishable from background noise (detection P-value . 0.05) in
more than half of the RNA samples were removed. The R package
sva (33) was applied to compensate for batch effect. Same as
above, PVCA (34) was used to calculate the proportion of total
variability explained by batch effect. It was confirmed that batch
effect was removed effectively by sva from normalized gene ex-
pression data (Supplementary Material, Fig. S1B). After the
above data quality control process, a total of 14 851 genes with
high-quality expression data remained for the following statis-
tical analysis. Our expression data have been deposited in the
NCBI GEO database (Accession Number: GSE49376).

Statistical analysis

Statistical analysis was implemented using the R 2.15.1. To
analyze sex-biased methylome in the PFC, the b-values of 430

011 CpGs were compared between males and females using mul-
tiple linear regression analysis, with adjustment for covariates
age, brain weight, brain pH, PMI and AUDs. Genome-wide
gene expression differences between males and females were
also examined using multiple linear regression analysis, with ad-
justment for the above covariates. The availability of genome-
wide DNA methylation and gene expression data enabled us to
perform integrative analysis of the correlation of CpG methyla-
tion and gene expression. To examine the correlation patterns of
CpG methylation and gene expression levels, residuals in mul-
tiple linear regression models with adjustment for covariates
were applied in the Pearson correlation analysis, as described
previously (37). To address the multiple testing issue, the
q-value was computed for each nominal P-value by controlling
the false discovery rate (FDR) at 0.05 using the R package qvalue
(38). The q-value method was applied to DNA methylation, gene
expression and CpG methylation–gene expression correlation
analyses.

Gene set functional enrichment analysis

The above CpG methylation–gene expression correlation ana-
lysis generated a list of genes, of which the CpG methylation
levels (significantly different between males and females) and
the gene expression levels (significantly different between
males and females) were significantly correlated. To explore
the potential biological function of these genes, they were
uploaded to DAVID 6.7 (39) for functional annotation clustering
analysis based on GO terms.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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